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Abstract

In this research article, we present a density functional theory (DFT) oriented analysis to examine the optoelectronic and
thermoelectric properties, along with the mechanical stability, of two proposed oxide perovskites, SbAIO; and SbGaO;,
based on the full potential linear augmented plane wave (FP-LAPW). The evaluated formation energy EFr and tolerance
factor (1) show that considered perovskite-oxides were thermodynamically optimum with cubic cell. Generalized gradient
approximation (PBE-GGA) along modified Beck Johnson potential (TB-mBJ) potential confirms direct bandgaps (&) of
2.074 and 2.059 eV for SbXO; (X=Al, Ga), respectively. The optical characteristics were investigated in the energy range
of 010 eV. Optimal energy loss suggesting plasma resonance is at 9 eV and above 10 eV, maximum reflectivity at 52.12%
and 56.96% at 6.25 eV and 7.50 eV for SbGaO3 and SbAIO; respectively. Furthermore, thermoelectric features are deter-
mined using semiclassical Boltzmann theory with constant relaxation time approximation. Calculated figure of merit (zT)
values for SbXO; (X=Al, Ga) are 0.40 and 0.68 at 1200 K, respectively. Thermal parameters are crucial in establishing
a material's thermal endurance over a broad spectrum of temperatures. We anticipate that the estimated characteristics of
SbAIO; and SbGaO; compounds will pave the way for novel applications in optoelectronics and thermoelectric devices.
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1 Introduction energy sources to meet the world's energy constraint. For

this goal, several kinds of materials and processes are exam-

The search for environmentally acceptable and sustain-  ined to determine the most cost-effective, affordable, and
able energy sources includes the utilization of thermoelec-  simple ways to generate energy. Because of their excel-
tric materials, which convert waste heat into electricity. lent thermal stability and low lattice thermal conductivity,

Increased energy use necessitates the development of new  oxide-based systems were effective in switching waste heat
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into useable electrical energy [1-3]. Perovskites are used in
a variety of devices, including non-linear optics, optoelec-
tronics, electro-optics, photovoltaic solar cell systems, as
well as numerous other thermoelectric applications at 300 K
[4]. As a result, these semiconducting systems are being
extensively researched around the world for their viability
for usage in a wide range of applications. Antimony chal-
cogenides as well as Bismuth-based solid solutions were
observed to be high-efficiency devices that can be employed
in many thermoelectric applications [5]. To be used in such
applications, potential systems ought to possess low heat
conductivity, a high Seebeck coefficient (.5), and high elec-
trical conductivity (o /7). Among the chalcogenide family,
the semiconductor Bi,Se; has been researched for thermo-
electric purposes [6]. Now a days, Scientists are intrigued in
identifying potential ternary semiconductors for photoelec-
tric and thermoelectric technology because of their excel-
lent thermoelectric properties, low effective mass, direct
band gap, as well as higher optical absorption coefficient
[7, 8]. The two distinct characteristics of perovskite materi-
als—ferroelectric and piezoelectric—make them useful for
applications such as ferroelectric random-access memory,
sensors, transformers, and capacitors [9, 10]. According to
[11], Pb-based piezoelectric materials can be readily modi-
fied by substituting non-magnetic elements for M in BIMO,
(M=Al, Ga, In, and Sc). Synthesis of these compounds has
made considerable use of high-pressure and temperature
techniques [12]. Sheng Ju and colleagues (2019) examined
the harmonics in BiXO; (X=In, Al) using fundamental
principles and discovered their use in non-linear optoelec-
tronics [13]. The structural, electrical, and optical character-
istics of cubic perovskite (BaCeO;) have been extensively
researched recently by a number of researchers [14, 15].
This development may add a new dimension and physical
properties to these compounds and create new avenues for
their application in optoelectronics and optomagnonics [16,
17]. The optical characteristics of BIMO; (M=Al, Ga, and
In) have been computationally investigated and published
in literature [18]. Ferroelectricity was anticipated theoreti-
cally in BiAlO; and experimentally in BiGaO;, where it
was found not to exist. Thus, the analysis of cubic BiAlO,
and BiGaO; from first principles provides comprehension
into the formation of ferroelectricity in BiMO, systems and
helps us understand how structural and electrical properties
differ from one another. In the literature, these are clearly
stated [19]. DFT approaches were employed to investigate
the physical properties of unit and hexagonal cell [20, 21].
BiAlO; with (R3c:161) at 300 K [22] has proven that a
strong covalent bonding is present between Al 3p, Bi 6p,
and O-2p orbitals in BiAlO;. We have uncovered soft mode
among high-symmetry sites X and I" that drives the rhom-
bohedral-cubic phase transition, as well as the structure of
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the zone-center model's rhombohedral phase of frequen-
cies. To produce BiAlO;, Acharya et al. 2020 [23] used a
pulse laser deposition approach [9, 24], which resulted in
the breakdown of Bi,0; and Bi,,Al,0,, and no perovskite
phase. They proposed that to evaluate the potential of ferro-
electric systems found in high-throughput databases, more
synthesizability descriptors are required. In their quest for
novel and unusual ferroelectric materials, Zhao et. al. pub-
lished phase transition having high symmetry breaking in
AA'3B4012 type A-site ordered perovskites in 2021 [24].
Relied on considerations made employing the full potential
linearized augmented plane wave (FP-LAPW) approach,
the researchers reported the physical characteristics of
BiAlO;, BiGaOj;, and BilnOj systems [25]. BiIMOj's refrac-
tive index, dielectric function, absorption coefficient, and
energy loss have all been investigated.

Nazir et al. explored optoelectronic and thermoelec-
tric response of alkali based half-Heusler semiconductors
AMgN (A=Rb, Cs) for sustainable energy by DFT [26].
High Spin Polarization and half-metallic ferromagnetism in
novel Half-Heusler FeCrX (X=S, Se and Te) alloys were
derived by Abrar and his colleagues using first-principles
calculations for energy applications. Their results reveal
that FeCrTe is best material Due to the higher value of See-
beck coefficient, power factor, figure of merit, and electri-
cal conductivity, FeCrTe is the best material for transport
applications [27]. Hossain et al. computed the Hydrother-
mal Synthesis, Phase Analysis, and Magneto-Electronic
Characterizations of Lead-Free Ferroelectric BM2+(Zn, Ca,
Mg) T-BFO System [28]. Uddin et al. calculated the Opto-
electronic and Photovoltaic Properties of Lead-Free Cs,Ag-
BiBry Double Perovskite Solar Cells Using DFT [29].
Uddin et al. finds the Performance improvement and opti-
mization of Cs:Til2Bra perovskite solar cells with diverse
charge transport materials via numerical analysis [30].
Gherriche et al. computed detailed ab initio investigation of
the structural, elastic, electronic and optical properties of a
new layered perovskite-type oxyfluoride: CsSrNb,Og [31].
Bouhemadou performed to study in details the structural,
elastic, electronic, chemical bonding and optical properties
of Cu-based ternary oxides ACuO (A=Li, Na, K and Rb)
[32]. Qaisi et al. finds the Structural, elastic, mechanical and
thermodynamic properties of Terbium oxide [33]. Khenata
et al. computed the structural and electronic properties of
GeC, SnC and GeSn by DFT [34].

In similar line of research, in order to enhance the physi-
cal behaviours and characteristics of SbXO; (X=Al and Ga),
this work attempts to explore all of these qualities (optical
and electrical). Our research is also crucial to enhancing the
applications of these substances in various optoelectronic
devices. We will also demonstrate through this study that
SbXO; materials (where X is equal to Al or Ga) have optical
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Fig. 1 Crystal structures of cubic Perovskite SbXO; (X=Al, Ga)

characteristics that make them a viable option for optoelec-
tronic as well as thermoelectric applications. We designed
the paper so that the computation details are provided in
Sect. 2. The computed results are presented and discussed
in Sect. 3. We conclude the paper with a brief conclusion in
the final section.

2 Computational and Details

The crystal structure of SbXO; (X=Al, Ga) is represented
in Fig. 1. Several DFT calculation techniques, such as LDA
and GGA, are available under the first-principles method
and can be performed with the use of multiple codes [25,
35]. We employed PBE-GGA, TB-mBJ, and [26-38] inte-
grated with the WIEN2k code[25, 39]. The interstitial sites
and the non-over-lapping atomic spheres are integrated into
the unit cell without any approximations. The FP-LAPW
method's potential grows as follows (inside the sphere)

V() =3 Vim(r)Yim (1) )
lm

(beyond the sphere)

vV (7”) = Z Vkeikr (2)
E

Table 1 Calculated lattice parameter a (A°), bulk modulus B, its derivative B, the minimum total energy E,

ance factor of SbXO;(X=Al, Ga) by PBE-GGA

~

where Y, (1) represents the product of spherical harmon-
ics and linearly combined radial function. Atomic muffin-tin
(MT) radii of Sb, Al, Ga and O are 2.00 a.u., 2.00 a.u., and
1.50 a.u., in that order. The K, value can be ascertained by
multiplying the muffin-tin radii by the Maximum wave vec-
tor, which equals 7. The cut-off energy for the energy gap is
set to—6.0 Ry. While optoelectronic properties are identified
using a denser mesh with 10,000 k-points, the tetrahedron
approach uses 35 k-points to integrate over the Brillouin
zone. To determine the thermoelectric retort of examined
oxides, we employ the BoltzTraP code [40], which is based
on semi classical Boltzmann transport theory. The BoltzTrap
parameters ( o /7, £/, and S) are mounted by the constant
relaxation time (7). The real values could be approximated
executing a suitable relaxation time, which includes the T
plus carrier concentration.

3 Results and Discussion
3.1 Structural Properties

The structure of the SbXO; (X=Al, Ga) crystal is depicted
in Fig. 1. After the volume optimization, the studied com-
pounds have lattice constant a=3.7661 A and 3.8847 A,
respectively and X atoms are positioned at (0.5, 0.5, 0.5),
Sb at (0, 0, 0) and O at (0.5 0 0). Computed values of ground
state properties of SbXOj; are displayed in Table 1. As illus-
trated in Fig. 2, the experimental obtained data of the lattice
constants for cubic perovskite SbXO; was utilized to mini-
mize the energy using the Birch-Murnaghan equation, that
developed from the literature [41].

B
v(g) -w

where B-bulk modulus, B/- its pressure derivative, Vj-
equilibrium volume.

To increase reliability, SbXO; (X=Al, Ga) perovskite
oxides should be studied for structural and thermodynamic
stability. The structural stability is ensured by the tolerance
factor [39].

B

EV) =Bt g

B
+ 5 (V= V) 3)

(rsp—rx)

t =0.707
(rx-ro)

“4)

o> enthalpy of formation E; and toler-

XC a(A) B (GPa) B, E. (Ry) E; (KJ/mol) t,
SbAIO, 3.7661 190.8493 4.5038 — 13,904.700511 ~921.35 0.84
SbGaO, 3.8847 193.2096 5.5764 —17,307.034543 —564.48 0.81
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Fig. 2 Total energy (Ry) versus total volume (a.u’) for cubic perovskites SbXO, (X=Al, Ga) calculated for PBE-GGA methods

Fig. 3 Band structure a PBE- ~— A
GGA b mBJ ¢ mBJ+SOC for of
SbAIO;, (d) PBE-GGA (¢) mBJ
(f) mBJ+SOC calculations for and
SbGaO,
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For cubic phase, the standard range of tolerance factor is
0.8—1.0. Our computed tolerance factor estimates lie in the
specified range, demonstrating that the examined oxides can
certainly develop in the cubic phase (see Table 1).

Furthermore, thermodynamic solidity is also essential
for device consistency. Using below equation, the forma-
tion energies of the perovskites were also calculated to
assess their chemical stability. The energy of Sb, X, and O
(X=Al, Ga) atoms is represented by E(Sb), E(O), and E (Al,
Ga) for the corresponding atoms, while the total energy of
the SbXO; (X=Al and Ga) unit cell is represented by Etot
(SbXO05).

Eyo1 (SbXO03) — E (Sb) — E (X) — 3E(O)

AE; = -

)
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As per calculation, obtained value of formation energy is
found to be -921.35 kJ/mol for SbAIO; and -564.48 kJ/mol
for SbGaO;. The variation of total energy with volume of
SbXO; (X=Al, Ga) crystal considering the potential PBE-
GGA is shown in Fig. 2a, b. It is observed in the calculation
that best fitting is observed with PBE-GGA, where the mini-
mum energy is obtained for SbGaO; (— 17,307.034543 Ry)
rather than SbAIO; (— 13,904.700511Ry), which displays
that SbGaOj; is more stable than SbAlO;, as represented in
Table 1.

3.2 Electronic Properties
The computed electronic band structure of SbXO,

compounds employing PBE-GGA, mBJ-GGA and
mBJ+SOC functionals along high symmetry directions
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Table 2 Calculated energy bandgap (in e¢V) by different potentials
PBE, mBJ and mBJ+SOC

Properties PBE mBJ mBJ+SOC References
SbAIO; 1.235 2.074 1.99 [4, 51, 52, 53]
SbGaO, 0.959 2.059 1.96

eV)
o

2
4 -
)
S
82 .
H -
0 N
9 I '. 1 .
o ! — (0t
% b —a
36 L Ga
5° .
2
33
a
i

0
Energy(eV)

Fig. 4 Total density of states (TDOS) of cubic perovskites a SbAIO;b
SbGaO,

R—-T —-X — M —T are shown in Fig. 3a—f. The elec-
tronic band structures are found to have direct band gap
at I' point for SbAIO3 with all the three approximations,
whereas for SbGaO3, using PBE-GGA, an indirect band
gap of 0.959 eV along X — M. The band gap values of
SbAIO; and SbGaO; using PBE-GGA, mBJ-GGA, and
mBJ-GGA+SOC are illustrated in Table 2. Comparatively
large value of energy band gap is measured in mBJ potential
scheme. Subsequently, we employed mBJ+SOC potentials
to explore the SbXO; (X=Al1(1.99) and Ga (1.96)) bandgap
values. The band gap is identified as an indirect band gap.
The top of the valence band (VB) and bottom of the con-
duction band (CB) are made up of O-2p as well as Sb-5p
orbitals, correspondingly. The obtained results of electronic
states of nonmagnetic SbXO; (X=Al, Ga) are similar to the
electronic profiles of recently reported BaPaO3, BaUO3
[42, 43], BaNpO3 [16] perovskites.

In order to validate the results of the energy band struc-
ture analysis, the Total as well as Partial Density of States
(TDOS & PDOS) were calculated and presented in Figs. 4,
5. Fermi level is set at 0 eV. From about -10 eV to 10 €V, the
energy graphs are displayed. Positive energy is associated
with conduction band (CB) states, while negative energy is
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Fig. 5 The partial density (PDOS) of states (TDOS) of cubic
perovskites a SbA1O;b SbGaO,

associated with valence band (VB) states. In both conduc-
tion and valence bands that resemble the band structure,
TDOS displays sum of the various states. Figure 4(a—d)
elaborates on the PDOS for the compounds under study,
which depict the orbital contribution to the electron conduc-
tion process. Hybridization of the Sb-4d and O-5p orbitals
along with slight contribution from Al/Ga ‘s’ & “p’ states is
responsible for the creation of the valence band in SbAIO;.
In the meantime, the hybridization of O-5p as well as Sb-4d
states has occupied the conduction band. The formation of
the valence band in SbGaO; is attributed to the hybridiza-
tion of Ga-5p and O-5p electrons, with a nominal contribu-
tion from Sb-6 s. Nonetheless, hybridization of Ga-4d and
0-4d states occupies the conduction band.

Figure 6 displays the charge density distributions in two
dimensions for the (110) plane. To fully understand the elec-
tronic structure of the system under study, charge density
maps are a useful supplementary tool. Any material's ionic
character can be linked to the transfer of charge between its

@ Springer
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Fig. 6 Electron localization func-
tion along 110 plane a SbAIO;b
SbGaO,

cation and anion, whereas covalent character is related to
the sharing of charge between the cation and anion. Al/Ga
and O have a covalent nature, but Sb and O appear to have
feeble ionic bond based on the charge density contours.
From Fig. 6, it is clear that s and p orbitals of Al and Ga mix
together, and a new orbital is formed at the same energy,
thus there is a strong hybridization in valence band.

3.3 Optical Properties

So as to determine the significance of the investigated mate-
rials for solar cell applications, the optical properties were
thoroughly investigated. Examined was the optical perfor-
mance of the valence to conduction band transition study.
The relative placements of materials and light serve to high-
light the optical qualities. The inter as well as intra-band
transitions govern the strength of light emission and absorp-
tion in optoelectronic devices. With the aid of its dielectric
behaviour, which is defined by its dielectric function, any
material's optical properties can be determined with the rela-
tion: (w)=¢,(m)+ig,(m). Its imaginary part &,(®) describes
the characteristics of absorption [34, 35] can be expressed
as follows:

dme?

& (w) = ]

%;/k<i|M\j>2fi(1 — £1) X 8 (B — Ei gy — w) d°k ©)

where M as a dipole matrix, ¢ and j are initial and final
states, respectively. Here f;—Fermi distribution function
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&—E;the electron's energy in the i state with crystal wave
vector k, respectively. The dielectric function's real portion,
e1(w), can be found using the Kramers—Kronig relation [43,
44]:

2 [ wley (wl) dw!
at) =147 [ TR

(M
Once the real and imaginary portions' values are known, we
can compute the optical characteristics by using the corre-
sponding relations: Refractive index provides information
on the interface as well as transmission of illumination
through material in a relationship,

2 2y 2
n(w) = 81(2w)+ £1(w) 2+52(W) ®

The extinction coefficient provides a substance's absorption
characteristics at a particular wavelength in proportion to,

2 3 1/2
k() = eléw)_ e1(w) 2+€2(w) )

Luminescence provides information about a material's abil-
ity to absorb and re-emit light with a relationship of
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Fig.7 a Real part &,(w), b Imagi- 20 T T — —r———TT7
nary part &,(w), ¢ Refractive index | 1 —SbAIO;—— | ] 1 I ——SbAlO,
n(w), and (d) extinction coefficient 15 F a | o §bGa0; | 12 1 I b ShGaO,
k() for SbXO, (X=Al, Ga) — UV range L1
| i | IR range ' ‘ v
I -
1 @ 8 L I I
N~ | Visible| N UV range
| \ 2
: 1 & | range |
| I
I 4 I -
——————— - I
\/"/- I
1 |
M M 0 - . [ 2 1 i [
—T— BN T e
—SbAlO, [ Rrange | . d e Sb(;a(;3
| ] SbGaO, ] = ~
4 B 1 1L\, UV range R | | \,\
= | \ 2F | visible | 7
i range | I range |
f~ sible | _ | |
g e | E L
o 150 -
ro L
I | |
: : \/ : p |
0 1 I 1 1 L . 0 a 1 2 L
0 2 4 6 8 10 0 2 4 6 8 10
Photon energy(eV) Photon energy(eV)
L(w)=1Im(- 1 (10) Table 3 Calculated Optical and transport properties by mBJ
s(w) Material property SbAIO; SbGaO; References
Optical £,(0) 1202 8.65 [4, 51, 52,
Assystem's overall energy drop is determined by energy loss,  properties  n(0) 2.48 2.60 53]
which has the following relation: R(0) 0.18 0.19
Transport  o/t(10"%Q'm™'s™) 1.79 5.70
o (w) = 4k (w) (1) Properties  S(VK) 24228 266.07
A (B00K)  (W/mK) 7.0 3.62
/T (10°W/mKs) 1.49 0.41
PF(10""W/K?ms) 1.05 4.03

Reflectivity provides a relationship that indicates the per-
centage of light reflected from the surface of material which
is defined as,

_ Vew) =1
Ve(w)+1

2

R(w) (12)

The formula for the perovskite's conductivity is

AW hw
B

0

o (w)

(13)

where W, stands for transition probability per unit time.

Figure 7, respectively, display the various optical charac-
teristics of SbXO; (X=Al and Ga) that were computed in
this study. The 0 Hz limit €1(0), which simply indicates
the electronic factor of the dielectric function, is the most
important part of the & (w) spectrum. For SbAIO; and
SbGa03, the observed static dielectric function values are

ZT

12.02 and 8.65, respectively. The two parts of the photon's
dielectric function with an energy between 0 and 10 eV are
displayed in Fig. 7a, b. Figure 7a illustrates how the elec-
tronic polarizability is derived from the € (w). Initially, the
real part of dielectric function €1 (w) increases and reaches
maximum value of 14.23 & 12.5 at 3.2 eV and 4.0 eV in
case of SbGaO3 and SbAIO3 respectively. After that, its
value gradually decreases and falls below 0 in the region
between 5.2 and 8.5 eV. Indicating that it is metallic, the
actual dielectric function &7 (w) is negative.

Figure 7b represents the photonic response of es(w).
High absorption is observed for SbGaO; than SbAlO;. Fig-
ure 7c, d and Fig. 7a—d displays the results of the calcula-
tions made for the refractive index, extinction coefficient,
conductivity, absorption coefficient, reflectivity, energy loss
function and Table 3 lists the values of these parameters.
Similar to the imaginary dielectric function 5 (w) in Fig. 7c,
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the graph of the extinction coefficient k(w) (Fig. 7d) has a
similar nature. The static value of refractive index are deter-
mined to be 2.48 and 2.60 at zero frequency for SbAIO3
and SbGaO3 respectively. A substance's greater refractive
index is determined by its ability to slow down photons as a
result of interaction with the material. There is a relationship
between electron density and bonding and refractive index.
Ionic bonding materials have a lower refractive index than
covalent materials, which share more electrons and have a
higher photon interaction.

The SbXO; (X=Al and Ga) exhibits the reflectivity
depicted in Fig. 8c, wherein the reflectivity at zero fre-
quency is 0.2 and 0.19 respectively, reaches its peak of 0.54
and 0.58 at 6.5 eV and 7.50 eV respectively, the real compo-
nent’s the dielectric function €1 (w) turns negative as illus-
trated in Fig. 8c. As illustrated in Fig. 8d, which shows the
reduction of electron energy traveling in system form with
its bands approaching the plasma resonance, the function
L(w) is also connected to energy loss. Comparably, Fig. 8a
displays the conductivity o(w) owing to the photon, which
reaches its highest value of 6325.12 Q! cm™! and 7767.27
at 3.8 eV and 5.2 eV, the same energy at which Fig. 8b dis-
plays the maximum coefficient of absorption [35, 46].

3.4 Thermoelectric properties

Direct thermal-to-electric energy conversion is possible
with thermoelectric materials[42—44]. Since perovskite
materials can convert thermal energy into electrical energy,
they are valuable for thermoelectric applications [45, 46].
They also have a high absorption coefficient and enhanced

thermal efficiency [47, 48]. Boltzmann transport theory,
which is used in the BoltzTraP program, is used to calculate
the thermoelectric characteristics of the compounds using
a dense k mesh 46x46x46. The efficiency of conversion
of thermoelectric devices, defined as the [49], is defined as
follows:

77 = 527
K

here S, o, T, and & is the thermal conductivity. Kk = k. + K;.
Figure 9a—f displays the computed thermoelectric character-
istics of the cubic SbXO; (X=Al and Ga) perovskites. The
relationship between each of these characteristics and tem-
perature were examined. Seebeck coefficient .S is an impor-
tant parameter that illustrates the thermoelectric behaviour
of material whose calculated values are plotted in Fig. 9a.
Both compounds have positive S value for the entire tem-
perature range, implying the availability of p-type charge
carriers. The SbGaOj; at low temperature has highest value
of S while SbAIO; at higher temperatures. The positive ‘S’
values of SbAl/GaO; increase thermal to electrical energy
conversion power.

Additionally, the power factor (PF) is calculated and plot-
ted in Fig. 9b, that illustrates the highest values for SbGaO;,
and both compounds increases to rising temperature due to
rise of S. The findings of Fig. 9c indicate that the examined
perovskites exhibit an increase in electrical conductivity per
relaxation time o /7 with increasing temperature. It is note-
worthy that SbGaO; have much greater o/7 values com-
pared to SbAIO; throughout the temperatures.
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Fig. 9 Thermoelectric properties depending temperature: a Seebeck coefficient b Power factor ¢ Electrical conductivity, d Thermal conductivity,

e lattice thermal conductivity f Figure of merit for for SbXO; (X=Al, Ga)

The electronic contribution to the perovskites' ther-
mal conductivity also increases, as shown in Fig. 9d. Up
to 300 K, room temperature, both compounds show about
equal thermal conductivity. Nevertheless, SbAIO; has a
higher thermal conductivity than SbGaO; perovskites, with
a significant increase above 300 K. Further isoelectronic
compounds of the form SbAlO; and SbGaO; also showed
an increase in electrical conductivity and thermal conduc-
tivity as a function of temperature. The styles of k. /7 are
like o /7, but the ratio of /o is of the order of 10~ (Wie-
demann Franz Law), that enhances the imperative of these
systems for energy uses.

To take into consideration, the thermal conductivity (k/7
), we independently estimated the electronic thermal con-
ductivity (k./7) and lattice thermal conductivity (x;/7) of
systems under concern. Moreover, the BoltzTraP code is
utilised to estimate k. /7, and the Slack equation [50, 517 is
applied to estimate lattice thermal conductivity k; during the
calculation process:

Moy v/
A3V /3
[Ql =

2
v2Tn /3

where M is an average atomic mass, 0, is Debye tempera-
ture, V'is a volume per atom, 7 is a number of atoms per unit
cell, 7y is the Gruneisen parameter and A defines as:

243 x 1078

A= 1_ 0514 | 0238
¥ 72

Hence, x/7 is the combination of k. and k; as
K = K¢ = K¢ + K. In Fig. 8 (e), we have drawn unique and
merged modification of thermal conductivities with tem-
perature for SbA1O, and SbGaOj; perovskites, respectively.
Figure 9e shows that SbGaO; has low «; as compared to the
SbAIO; so it is best candidate for thermoelectric devices.
The highest contribution of x./7 to the total thermal con-
ductivity for both materials are undoubtedly displayed in
the figure in association to ;. The loss in «; is began by
a rise in phonon scattering, that occurs as temperature pro-
gresses. It has been found that .. /7 significantly arises with
temperature as well as marked an extreme at high tempera-
ture, which is the same tendency as of electrical conductiv-
ity. The computed quantities are sum up in Table 3 at room
temperature.

The changes in Seebeck coefficients S and figure of merit
Z'T with respect to temperature are depicted in Fig. 9f. The
performance of thermoelectric materials is evaluated using
S%To
Ketry’
coefficient calculates the potential difference between two
distinct conductors or semiconductors when there is a tem-
perature gradient between the two junctions. The fluctua-
tions in band gap with temperature, as shown by equation,
are the primary reason for increased ZT with temperature.

the transport parameter 271" = whereas the Seebeck
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aT?
Eq(0) - m

E, (T) =
Ey(T) and E4(0) represent the band gap energy at T and
zero temperature, respectively, whereas a and p are con-
stants. The relationship illustrates that growing the tempera-
ture reduces the band gap, which raises the figure of merit
due to increased electrical mobility. These characteristics
rise with rising temperature, as seen in both figures. There
is a noticeable increase in the parameters between 200 and
300 K, and the parameters grow more gradually at higher
temperatures. Z7 has comparatively low values for SbAIO,
than SbGaOj; at throughout temperatures whereas SbGaO,
has high figure of merit.

The transport properties of SbXO; are examined versus
chemical potential ;1 — e ranges from—2 to 4 eV for three
different temperatures (300 K, 700 K, and 1200 K). Ther-
mal transport coefficients such as S,o/7,k/7, PF, ZT,
as a function of chemical potential at three fixed tempera-
tures T=300 K, 700 K and 1200 K for SbXO; using mBJ-
GGA are displayed in Fig. 9a—j. The peaks of S are found
to be positive in the region of chemical potential indicating
p-type behaviour of the studied compounds. The value of
power factor PF, /7 & K./ are found to be high in the
negative doping region indicating the possibility of n-type
mode of the studied materials can have more applications
in thermoelectric. Electrical conductivity is determined by
the number of free carriers available for conduction, which
distinguishes between n-type (electrons) and p-type (holes)
semiconductors []. The Fermi level is at the valence band,
indicating that free holes for conduction are more easily
obtainable than electrons. The electrical conductivity in the
chemical potential is depicted in Fig. 10g, h. The chemical
potential (¢t — er) is the energy necessary to add or elimi-
nate electrons by resolving Coulomb's repulsive and attrac-
tive forces. Electrical conductivity rises at -2.0 eV for the
both oxides SbXO; (X=Al, Ga) reaches to the peak value
9.7x10%° (Q'm-s)! and 7.4x10%° (Q'm-s)" at -1.0 eV
respectively, because of Coulomb repulsive and attractive
forces provide different resistances to the movement of car-
rier. The carriers for the positive value of chemical potential
(n-type region) are electrons, which enhance electrical con-
duction gradually as the chemical potential increases. Fur-
thermore, the temperature impact on electrical conduction
demonstrates a gradually increasing tendency in electrical
conductivity, as electrons/holes get more flexible for trans-
portation at higher temperatures. The slope of SbGaO; has a
greater value than SbAIO, because Al metal provides more
electrons per unit cell.

The heat flow due to temperature change (VT) per unit
length named as thermal conductivity and can be stated
by Fourier’s law as q=—kVT, where q, VT and k are heat
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efflux, temperature gradient and coefficient of thermal con-
ductivity. ¥/t is divided into two parts: K, and k. In n- or
p-type semiconductors, particles are accessible for conduc-
tion, which reduces the k. As a result, we have enlarged the
electronic component of k/t in the current study. Figure 91,
j shows the computed values of «k/t vs chemical potential.
k/t implements the same trend as k., however its value is
minor relative to electrical conductivity to minimize the
thermal-to-electrical conductivity stated in the Wiedemann—
Franz formula LT=«/c, with a value in order of 107°, making
them necessary for thermoelectric devices [45]. The thermal
conductivity at room temperature is low as compared to the
1200 K at—2.0 eV for both SbXO; (X=Al, Ga) compounds.
The maximum value attained for both SbXO; (X=Al, Ga)
compounds are 22x10°W/mKs and 17.98 x 10'"W/mKs
respectively.

The change in temperature between different metal-
lic contacts at J=0 can be analysed to the term
J=—-0VV —oSVT, where JVV and VT signify the
current density, potential gradient and temperature gradient,
correspondingly. In the optimal state, the VV = —SVT.
The value varies from positive to negative in the n-type area
and remains zero in the p-type region [46] due to mobile
hole carriers for electrical conductivity, which is illustrated
in Fig. 10a, b. The Seebeck coefficient decrease step by step
as per increase of temperature till to 1200 K in both positive
and side Seebeck coefficient. Moreover, the Seebeck coeffi-
cient is high for SbGaO; than SbAlO; as shown in Fig. 10a,
b. Thermoelectric performance may be assessed using sev-
eral scales, such as PF = 052, that offer an approximate
value without factoring thermal conductivity, and figure of
merit, that takes into account the thermal impact. Power fac-
tor for both compounds is higher at 1200 K but at 300 K
power factor is minimum as compared to the other given
temperature values. SbGaOj; attain high power factor near
the fermi level but SbGaO; has for away from the fermi
level as shown in the Fig. 10c, d. The ZT Values attained
approximately 1 with room temperature for both SbXO,
(X=Al, Ga) materials as demonstrated in Fig. 10e, f. Our
estimated outcomes are regarded and estimated up to some
extent because they don't account for the phonon effect. Fig-
ure 9c¢, d depicts the observed PF, which has maximal values
intwo parts: t — E;(0) and 1 eV due to the combined effect
of electrical conductivity as well as the S.

4 Conclusions

In conclusion, we examined the structural, electrical, opti-
cal, and thermoelectric characteristics of SbXO; (X=Al,
Ga) based perovskites by employing FP-LAPW technique
applied in the DFT built in Wien2k code. The studied
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Fig. 10 Thermoelectric properties against chemical
potential: a, b Seebeck coefficient ¢, d Power factor
e, f Figure of merit, g, h Electrical conductivity, i, j
Thermal conductivity for for SbXO; (X=Al, Ga)
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perovskites are found to be structurally as well as thermo-
dynamically stable as per the computed values of tolerance
factor and formation & cohesive energy. The semiconductor
behavior of SbXO; was confirmed by the presence of direct
band gap, semiconductor for SbAIO; with Fy = 2.074eV
and for SbGaO; with £, = 2.059eV. The band structure
and DOS plots revealed that the band gap of the considered
p-type semiconductors. SbXO, shows excellent absorption
in the visible region indicating its application in optoelec-
tronic devices. The static refractive index is 2.48 and 2.60
for mBJ-GGA Moreover, A significant conductivity and
good figure of merit value are shown at room temperature.
SbGaO; has a higher thermal efficiency than SbAIO; due
to its narrower band gap and strong electrical conductivity.
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